Macromolecular crowding, a common phenomenon in the cellular environments, can significantly affect the thermodynamic and kinetic properties of proteins. A single-molecule method based on atomic force microscopy (AFM) was used to investigate the effects of macromolecular crowding on the forces required to unfold individual protein molecules. It was found that the mechanical stability of ubiquitin molecules was enhanced by macromolecular crowding from added dextran molecules. The average unfolding force increased from 210 pN in the absence of dextran to 234 pN in the presence of 300 g/L dextran at a pulling speed of 0.25 mm/sec. A theoretical model, accounting for the effects of macromolecular crowding on the native and transition states of the protein molecule by applying the scaled-particle theory, was used to quantitatively explain the crowding-induced increase in the unfolding force. The experimental results and interpretation presented could have wide implications for the many proteins that experience mechanical stresses and perform mechanical functions in the crowded environment of the cell.
Proteins perform their functions in environments that are crowded with various macromolecules and macromolecular assemblies, as visualized recently by high-resolution cryoelectron tomography (Medalia et al. 2002) and other techniques. While a single species of macromolecules may not be very concentrated, the total volume occupied by all macromolecules can constitute a large fraction of the interior space of a cell and intracellular compartments. As a result, proteins and other macromolecules must exist and function in a crowded environment. In order to understand the structural dynamics and functional mechanisms of protein molecules in the cell, it is necessary to consider the effects of such macromolecular crowding (Minton 2006; Zhou et al. 2008 ). An obvious, but important, consequence of macromolecular crowding is the excluded volume effect due to the mutual impenetrability of the macromolecules, resulting in a reduction of the accessible space for these molecules. Intrinsically unstructured proteins in dilution solutions may acquire stable structures when they are placed in crowded media (Dedmon et al. 2002; Qu and Bolen 2002) . Crowding can prevent stress-induced aggregation and misfolding of proteins by altering the folding kinetics (Minton et al. 1982) . The goal of the present work was to understand the effects of macromolecular crowding on the mechanical stability and unfolding kinetics of proteins at the singlemolecule level using an atomic force microscopy (AFM)-based manipulation technique.
Most of our understanding on protein folding has been acquired from studies under ideal conditions with pure samples in dilute solutions. However, potentially macromolecular crowding can significantly affect the thermodynamic stability and alter the folding/unfolding kinetics of proteins. Despite a growing number of investigations on macromolecular crowding by experimental, theoretical, and computational approaches, the consequences, magnitudes, and mechanisms of crowding effects on protein folding remain controversial. For example, some theories predicted a modest effect on the thermodynamic stability by crowding (Zhou 2004) while others predicted significant stabilization (Minton 2005) . Similarly, conflicting results have been reported from experimental studies. Using circular dichroism (CD) spectroscopy, fluorescence correlation spectroscopy, and NMR, Tokuriki et al. (2004) found that unfolded RNase A in 2.4 M urea at pH 3 became native when crowding agents (PEG or Ficoll) were added, and that this effect was most obvious when the ''crowders'' had similar sizes as the protein. Sasahara et al. (2003) reported that the thermal stability of hen egg-white lysozyme was enhanced and the acid-unfolded cytochrome c was driven to a more compact conformation by high concentrations of dextran. On the other hand, Qu and Bolen (2002) found that macromolecular crowding can enhance the folding of an intrinsically unstructured protein (TCAM), but the effect was modest. Spencer et al. (2005) observed that 180 g/L of Ficoll 70K resulted in only a modest increase of 0.5 kcal/ mol in the folding stability of FKBP. Van den Berg et al. (2000) found that macromolecular crowding could accelerate a fast-track folding process, but decrease a slow-track folding process of hen lysozyme. Martin (2002) reported that some proteins (dihydrofolate reductase, enolase, and green fluorescent protein) could fold spontaneously in dilute, but not in crowded, solutions. Flaugh and Lumb (2001) found that two intrinsically disordered proteins (the C-terminal activation domain of c-Fos and the kinaseinhibition domain of p27 Kip1 ) could not be induced into ordered structures by macromolecular crowding. These inconsistent results underscore the complexity of macromolecular crowding effects on protein folding.
The experimental studies cited above on crowding effects were all carried out by bulk techniques, which measure the average results of a large number of molecules. Over the last decade, single-molecule methods have been used in the investigation of protein folding and mechanical functions of proteins. These experiments complement bulk measurements and have helped to gain critical new insights into the mechanisms of proteins' mechanical functions (Rief et al. 1997 ) and the structural first dynamics and pathway heterogeneity of individual protein molecules (Yang et al. 2000; Hyeon and Thirumalai 2003; Fernandez and Li 2004) . In this paper, we present the experimental study of the effects of macromolecular crowding on the mechanical stability of protein molecules using a singlemolecule method. Protein molecules are known to perform various mechanical functions and experience various mechanical stresses; therefore, the elucidation of the crowding effects on the ability of protein molecules to resist mechanical stresses is important for the understanding of the structure integrity and mechanical functions of protein molecules inside the cell.
In addition to investigating the mechanical stability of proteins, there are several additional advantages in using the single-molecule approach to study the effects of macromolecular crowding on the unfolding and refolding of individual protein molecules. Experimental measurements are made in solutions with no other protein molecules except the ones under study in the polymer chain, which is in an extended conformation when the individual molecules are unfolded. This eliminates the technical difficulties caused by aggregation during certain bulk measurements. In these experiments, the mechanical force is used to induce unfolding, so that denaturants or harsh environments, such as extreme temperatures or pH, are not involved. Consequently, any complications due to changes in solution conditions are avoided. In addition, the reaction coordinate along the pulling direction is well-defined during unfolding, making modeling of the effect less arbitrary. When proteins are studied at the single-molecule level, it would be possible to distinguish and characterize macromolecular crowding effects on parallel folding pathways, such as that observed for hen lysozyme (van den Berg et al. 2000) . These capacities of single-molecule methods can potentially provide unique and complementary information on macromolecular crowding effects on the energetics and kinetics of protein folding and unfolding. We investigated the force-induced unfolding of ubiquitin molecules in the presence of various concentrations of dextran from 0 to 300 g/L, which covers the range that is relevant to the crowdedness of macromolecules in cells. Ubiquitin has been used widely as a model system for protein folding studies, including single-molecule studies (Carrion-Vazquez et al. 2003; Chyan et al. 2004 ). Our measurements show that the forces required to unfold ubiquitin molecules are higher in crowded media than those measured in dilute solutions. In this paper, we present a complete set of experimental data and provide quantitative interpretations of the results based on the scaled-particle theory as well as discussions on the biological relevance of the observed phenomena.
Results

Effects of macromolecular crowding on secondary structures
To assess the effects of crowding by dextran on the thermodynamic stability of ubiquitin molecules, CD spectroscopy was used to characterize the structural changes of ubiquitin under different conditions. As expected, the addition of various concentrations of dextran to the buffer solution did not change the CD signal when ubiquitin was in the native state, as shown in Figure  1A ,C. However, the crowding condition did induce significant changes in the CD signal when the protein was in a solution containing 3.1 M GdnHCl (Fig. 1B,C) . At the presence of 250 g/L dextran, the CD spectrum of ubiquitin in 3.1 M GdnHCl showed almost identical features as those in the dilute solution without GdnHCl. Our previous data showed that ubiquitin started unfolding at a GdnHCl concentration of ;2 M, and the percentage of unfolded molecules reached 70% at 3.1 M, and 100% when the GdnHCl concentrations was >4 M (Chyan et al. 2004) . Therefore, at 3.1 M GdnHCl, the addition of dextran shifted the equilibrium from a 70%:30% unfolded/folded mixture to an almost 100% folded ubiquitin population. Our data, similar to that previously reported for RNase A, lysozyme, and cytochrome c (Sasahara et al. 2003; Tokuriki et al. 2004) , indicated that macromolecular crowding by dextran drove the equilibrium toward the folded state.
Mechanical unfolding in crowded media
The measurements of the unfolding forces of individual protein molecules require the attachment of a protein polymer between the AFM tip and a substrate surface. A convenient and reliable method is to first deposit protein polymers on a gold surface, and then use the nonspecific interactions between the protein and the Si 3 N 4 AFM tip to pick up a polymer from the surface and stretch it by moving the tip away (Rief et al. 1997) . This has been the most widely used method in mechanical unfolding experiments. Our results show that the presence of dextran in the buffer solution in the AFM liquid chamber, even at high concentrations, did not significantly interfere with the nonspecific interactions between the tip and the protein polymers. Experiments were carried out to mechanically unfold ubiquitin molecules at dextran concentrations from 0 to 300 g/L. Figure 2 shows several mechanical unfolding ''force curves'' obtained by pulling ubiquitin polymers at different dextran concentrations, where each peak in the regular sawtooth patterns represents the unfolding of a single protein molecule. From these curves, several features of mechanical unfolding experiments can be observed. The beginning of each curve has irregular force peaks due to nonspecific interactions between the tip and the gold surface. The use of polymerized protein molecules circumvents the difficulties caused by the interference of these nonspecific interactions. When the tip is sufficiently far from the surface (>20 nm), the nonspecific interactions become insignificant and the unfolding of individual protein molecules can be observed. By fitting the rising part of each peak to the wormlike-chain (WLC) model (Fig. 2) , the contour length increase from an unfolding event can be obtained. A comparison of this contour length increment with that calculated from the structure of the protein serves as one of the parameters to verify that the observed peaks are indeed from unfolding of individual protein . Using Monte Carlo simulations based on a two-state model for protein unfolding, force curves of the force-induced unfolding of ubiquitin molecules were generated. The unfolding rates in the absence of an applied force and the distance between the native state and transition state along the pulling direction were determined (Fig. 3) .
Dependence of unfolding forces on dextran concentration
The effects of macromolecular crowding on the mechanical unfolding of ubiquitin were determined by measuring the unfolding forces when the protein molecules were in solutions with different concentrations of dextran. Figure  3 shows the distribution of the unfolding forces when the protein was in solutions with 0, 100, 200, and 300 g/L of dextran, respectively. These force histograms show that the average unfolding force increased from 210 pN to 234 pN as the dextran concentration was increased from 0 to 300 g/L (see also Fig. 4A ), while the widths of the distributions did not change appreciably. The data suggest that the crowding conditions caused a decrease in the zero-force unfolding rates, k u0 , of the ubiquitin molecules but did not change the distance between the native state and the transition state, Dx u , since the distribution width is primarily determined by Dx u as shown by Monte Carlo simulations (G. Yang, unpubl.) . Figure 4A shows that the experimental data obtained using different pulling speeds all exhibited the same trend of increase in unfolding forces as the solution became more crowded with dextran. Within the range of dextran concentrations used in the experiments, the unfolding forces increased nearly linearly with the dextran concentration. Furthermore, when the unfolding forces are plotted as a function of the pulling speed, the unfolding forces are found to increase linearly with the logarithm of the speed (Fig. 4B) , indicating that the force-induced unfolding of the ubiquitin molecules followed the two-state model at each dextran concentration (Rief et al. 1997) . The straight lines in the plot are nearly parallel to each other, which again indicate that crowding reduces k u0 but does not change Dx u , as suggested by our Monte Carlo simulation results. In presenting the data in Figure 4 , the standard error of The pulling speed used for these curves was 0.25 mm/ sec. The rising parts of the force peaks are fitted to the WLC model. The persistence length p used in the fitting was 0.4 nm. The contour length increment DL between adjacent peaks, i.e., the increase in the polymer length upon each unfolding event, was found to be DL ¼ 24.9 6 2.4 nm (n ¼ 676). This value is consistent with the expected value of 24.4 nm from the structure of ubiquitin (Chyan et al. 2004 ). The value of DL was found to be independent on the dextran concentration, with values of 25.2 6 2.5, 24.7 6 2.5, 24.6 6 2.1, and 25.0 6 2.6 nm for dextran concentrations of 0, 100, 200, and 300 g/L, respectively. With an automatic procedure to fit the data by varying both the persistence length and the contour length, it was found that the persistence length did not depend on dextran concentration. Unfolding proteins in crowded solution www.proteinscience.org 2159 the mean is used to quantify the uncertainties of the experimental results because this value provides an estimate of how well the measured average values represent the protein population, while the standard deviation reflects the distribution of individual data points around the mean.
Effect of macromolecular crowding on the unfolding rate
Previous published work has shown that macromolecular crowding can stabilize the native state of a protein (Sasahara et al. 2003; Spencer et al. 2005 ) and enhances the folding rate (van den Berg et al. 1999; Ellis 2001) , but there are few reports on the effects on the unfolding rates. In a recent study, Ai et al. (2006) used 15 N NMR spin relaxation dispersion to investigate the effects of crowding on the folding and unfolding rates of Rd-apocyt b 562 . The presence of 85 g/L PEG 20K increased the folding rate by a modest 50% and had no significant effect on the unfolding rate. Cheung et al. (2005) and Cheung and Thirumalai (2007) used an off-lattice model to simulate macromolecular crowding effects on the folding thermodynamics and kinetics of an all-b-sheet WW domain. The simulation also found that crowding increased the folding stability, and this increase was mostly the result of an increased folding rate. A continuous three-dimensional polymer model based on the concept of depletion force was used to qualitatively explain the crowding-induced increase in protein's mechanical stability based on our initial results (Ping et al. 2006) . Here, a quantitative model is used to interpret the experimental observations, which provides the first evidence that the unfolding rate (at zero external force; k u0 ) is lowered in a crowded solution.
When a protein molecule is subjected to an external force, its unfolding rate changes as (Bell 1978; Evans and Ritchie 1999) :
where F is the applied force, Dx u is the distance between the native state and the transition state along the pulling direction, and k B T is the thermal energy. At the same pulling speed, the observed unfolding rate k u is the same; therefore, a higher force F can be the result of a lower k u0 , a smaller Dx u or both. As discussed above, the data show that Dx u (0.225 nm, see Fig. 3 , caption) does not change when the solution is crowded with dextran. Consequently, the observed unfolding force increase in crowded solutions, as shown in Figure 4A , suggests that the zero-force unfolding rate k u0 is lowered by macromolecular crowding, according to Equation 1. Here it should be pointed out that a very small decrease in Dx u , not discernible in the data, could still contribute to the observed unfolding force increase since the unfolding force depends sensitively on Dx u .
Explanation of the decrease in k u0 using scaled-particle theory
The zero-force unfolding rate can be written in the form:
where DG 6 ¼ u0 is the unfolding free-energy barrier in the absence of force and A is a pre-exponential factor determined by the internal dynamics of the protein molecule as well as the solution conditions. The reduction in the unfolding rate k u0 by macromolecular crowding can be due to either an increase in the energy barrier DG 6 ¼ u0 or a decrease in the prefactor A. The transition state (TS) for unfolding consists of protein conformations that are more expanded than those in the native state, and hence will be more disfavored entropically by the presence of crowders, leading to an increase in the unfolding free-energy barrier height. The crowders also serve as obstacles for-and (Rief et al. 1997) . The error bars are the standard errors of the mean. therefore slow down-the overall diffusion motion of the protein molecule and its internal dynamics. In the presence of a high concentration of dextran, the solution becomes more viscous (at 300 g/L, the solution viscosity is ;25 cP). Ansari et al. (1992) showed that, using the Kramers theory, the pre-exponential factor in the rate equation for conformational change of proteins was inversely proportional to the sum of two contributions: One relates to the solution viscosity and the other to the internal viscosity of the protein from the motions of protein atoms relative to each other. Monte Carlo simulations indicated no large scale conformational changes on reaching the transition state during the mechanical unfolding of ubiquitin, and the ratelimiting step mostly involved residues shielded from the solvent (Kleiner and Shakhnovich 2007) , therefore the crowding agent is expected to have minimal effects on the internal viscosity of the protein. The effect of solution viscosity on the pre-exponential factor depends on the fraction of protein atoms in contact with solvent molecules (Ansari et al. 1992 ). Due to the large size of the dextran molecules relative to ubiquitin, the friction experienced by the protein molecules is much less than that expected from the macroscopic viscosity of the solution (Jas et al. 2001) . From these considerations, the pre-exponential factor for the unfolding rate expression is treated as unchanged by the presence of the crowding agents in the discussions below.
For the effect of crowding on DG 6 ¼ u0 , we model the crowder as a sphere (with radius R c ) for simplicity. We also model the folded protein molecule as a sphere, with radius a F , and the TS also as another sphere, with a somewhat enlarged radius a TS . A similar treatment of the TS was used by Hayer-Hartl and Minton (2006) in their calculations of the effect of confinement on the folding rate. The crowders occupy volumes that are inaccessible to the protein. The excluded volumes serve to increase the free energy of the protein. According to the scaled-particle theory (Lebowitz et al. 1965) , the increase in the free energy of a protein modeled as a sphere is given by
where z ¼ a/R c (with a ¼ a F for the folded state and a TS for the TS), f ¼ 4pR c 3 c/3 is the volume fraction of the crowders (c: number concentration), and r ¼ f/(1 -f). The change in the unfolding free-energy barrier by the crowders is then
The change in k u0 due to macromolecular crowding can be calculated once the radii of the folded protein, the TS, and the crowder are specified. Based on the structure of ubiquitin, an estimate of a F ¼ 1.8 nm can be given. The TS can be assigned a radius of ;1.9 nm based on the magnitude of Dx u . Using the data published by Weiss et al. (2004) and the molecule weight of the dextran (40 kDa) used in our experiments, the crowder can be assigned a radius of 3.2 nm. The solid line in Figure 5 represents the calculation result using these parameters, assuming that the prefactor A is unaffected by crowding. Compared with the experimental results in Figure 3 , the calculations show the correct trend but underestimate the decrease in k u0 at dextran concentrations ;200 g/L.
There are several possibilities that can account for this underestimate, with the most obvious being the treatments of dextran and the TS as spheres of fixed sizes. Dextran is a flexible polymer with a very short persistence length (Rief et al. 1998) ; therefore, it is not unreasonable to assume a spherical shape for the molecules in solution, especially when present in high concentrations. (In a very dilute solution, it is perhaps more appropriate to model dextran as a random-flight polymer chain. This and other models would predict a qualitatively similar result [Berg 1990; Minton 2005; Zhou 2008] . That is, the TS with an expanded volume relative to the folded state will be more adversely affected by macromolecular crowding than the folded state. Again, an increase in unfolding free-energy barrier by crowding is predicted.) However, the radius of dextran molecules of a specific molecular weight has not been determined unequivocally, with reported values ranging from 3 to 5 nm for the dextran molecules with an average molecular weight of 40 kDa (Ioan et al. 2000; Weiss et al. 2004 ). In addition, the volume of dextran molecules shrinks as the concentration Figure 5 . Macromolecular crowding-induced decrease in the zero-force unfolding rate k u0 . The ordinate is the ratio of k u0 in the absence of crowding agent to that at various dextran concentrations. The experimental values (filled circles) of k u0 are those listed in the caption of Figure 3 . The calculated values (solid and dashed lines) were obtained using Equations 2 to 4. The solid line was obtained by assuming a fixed radius of 3.2 nm for the dextran molecules, and a fixed radius of 1.9 nm for the TS of ubiquitin. The dashed line was obtained by assuming that the radii of the dextran molecules and the TS of ubiquitin are both reduced at high concentrations of dextran, with R c (nm) ¼ 4.0 À 1.84 6 10 À3 c À 8.75 3 10 À7 c 2 , and a TS (nm) ¼ 1.9 À 5.0 3 10 À5 c À 5.0 3 10 À7 c increases (Ogston and Preston 1979) . The volume of the protein in transition state may also be reduced by crowding. Theoretically, the TS is expected to become more compact under crowded conditions since some of the more open conformations in the TS will be eliminated by the crowding agent due to volume exclusion (Zhou 2004; Cheung et al. 2005) . In particular, a unstructured region known to be present in the transition state of ubiquitin (Went and Jackson 2005) could be affected by crowding. By assuming that crowding does induce a volume reduction of the dextran molecules and the ubiquitin TS (see Fig. 5 , caption), the experimentally observed changes in k u0 due to macromolecular crowding can be well reproduced by the scaled-particle theory, as shown by the dashed line in Figure 5 .
Discussion
Biological implications of the experimental results
Generation and transformation of mechanical forces are involved in many biological processes (Bustamante et al. 2004; Gao et al. 2006; Forman and Clarke 2007) . Motor proteins convert chemical energy into mechanical work for muscle contraction, protein and vesicle transport, and chromosome separation during mitosis and meiosis, and cell motility. F1 ATP synthase uses mechanical torques as the energy source for ATP synthesis (Yoshida et al. 2001) . Mechanosensory proteins convert the stimulus from mechanical forces into an electrical or biochemical signal (Hamill and Martinac 2001) . During chaperonin-assisted protein folding, mechanical forces are involved in unfolding the misfolded protein (Brinker et al. 2001 ). Many proteins with functions to withstand mechanical stresses have modular architectures, i.e., they are composed of tandem-linked domains that are individually folded. The force-induced unfolding/refolding and deformation of these domains regulate the tensions in the protein molecules as required by the cellular processes, such as titin during muscle stretch (Granzier and Labeit 2004) , fibronectin in the assembly and cell attachment of the extracellular matrix (Erickson 2002; Oberhauser et al. 2002) , and spectrin in the deformation of erythrocytes (Vera et al. 2005) . One common feature in the aforementioned biological processes is that they involve protein molecules in deformed or unfolded conformations. Such conformations present expanded excluded volumes relative to those in the folded state, and hence are particularly open to the effects of macromolecular crowding when the processes occur in environments crowded with other macromolecules. Our experimental results demonstrate that the mechanical stability of these proteins can be enhanced by macromolecular crowding. Since the number and species of macromolecules present in various locations and during distinct stages of cell development are different, it is likely that varying degrees enhancement in mechanical stability by macromolecular crowding can serve as a means to fine-tune protein functions and regulate the biomolecular processes.
Comparison between theory and experiment
The observed increase in the unfolding force for ubiquitin by the presence of dextran can be explained by a crowding-induced increase in the unfolding free-energy barrier as calculated from the scaled-particle theory. This theory has recently been used to account for the macromolecular crowding effects on the polymerization of sickle hemoglobin (Liu et al. 2008) . Though the theoretical calculations involve several approximations and simplifications, the model probably captures the essential physics of the enhancement of the protein's mechanical stability due to macromolecular crowding. Refinement of the theoretical model will be possible when more experimental data are obtained at different temperatures and using crowding agents of different sizes and species.
The zero-force unfolding rate k u0 was obtained from Monte Carlo simulations based on the Bell model (Bell 1978 ) for a two-state protein (see Equation 1 ). This is the most widely used approach to analyze data from mechanical stretching experiments due to its simplicity and its applicability to various biopolymers (Rief et al. 1998 ). Schlierf and Rief used the mechanical unfolding data of the protein ddFLN4 to demonstrate that Kramer's diffusion model could fit the measured unfolding force data better than the Bell model for proteins with broad freeenergy barriers (Schlierf and Rief 2006) . Since ubiquitin has a relatively narrow unfolding transition state, as indicated by the value of Dx u , the Bell model is still valid for the description of the system. Zinober et al. (2002) showed that the distribution and magnitude of the unfolding forces of the protein domain titin I27 were influenced by many other variables in addition to the intrinsic properties of the proteins, such as the unfolding event number, the length of the tethered protein polymer, and the spring constant of the cantilever. Some of these variables, such as the cantilever spring constant and the varying force loading rate during pulling, can be integrated into the Monte Carlo simulations, while others, such as the length of the tethered polymer, vary for each pulling action and cannot be reproduced reliably in the simulations. Williams et al. (2003) , using mutant forms of titin I27, showed that the transition state structure and energy of the protein depended on the force loading rate; therefore, the protein's unfolding characteristics at low loading rates could not be obtained from direct extrapolation based on the data obtained at high loading rates.
These subtle factors complicate the data interpretation and the comparison of data from different laboratories. In this paper, the Bell model is used because the primary conclusion of the work, i.e., macromolecular crowding enhances the mechanical stability of protein molecules, does not depend on the specific models for data interpretation. In addition, the calculated ratio k u0 (0)/k u0 (c) presented in Figure 5 does not change significantly when different models are used.
Dextran as a crowding agent
The ideal crowding agents should provide environments that mimic the interior conditions of a cell. One approach would be using cell extracts as mimetics of macromolecular crowding. However, the heterogeneity in the chemical, geometrical, and physical properties of cell extracts makes it difficult to collect the relevant experimental data and to use theoretical models for interpretation of the results. Therefore, purified macromolecules have been used as crowding agents in most experimental studies of the crowding effects, and dextran is one of the most commonly used macromolecules since it is inert, highly soluble in water, and available in various sizes and large quantities. The persistence length of dextran, determined by single-molecule measurements, was found to be 0.4 nm (at low force regime) (Rief et al. 1998) , indicating that dextran is a very flexible polymer which should exist as a random coil with a spherical shape in aqueous solutions, especially when present in high concentrations. In previous studies of macromolecular crowding on protein folding stability and kinetics, crowding agents have included dextran (Sasahara et al. 2003) , Ficoll (Tokuriki et al. 2004; Spencer et al. 2005) , polyethylene glycol (Tokuriki et al. 2004; Ai et al. 2006) , and bovine serum albumin (Qu and Bolen 2002; Zhou et al. 2004 ).
Effects of viscous drag on the AFM cantilever
A solution with a high concentration of dextran molecules becomes very viscous. The viscosity increases exponentially with the concentration of dextran molecules. For dextran with a molecular weight of 40 kDa, the viscosity of the solution increases from 1 cP to ;25 cP at room temperature when dextran concentration is increased from 0 to 300 g/L (http://www.dextran.nu/dex1.html). The measured forces are underestimated due to the viscous drag on the AFM cantilever, and this underestimation is more severe at higher dextran concentrations and higher pulling speeds. Oden et al. (1996) investigated the effects of viscous drag on high frequency vibrations of cantilevers, by modeling the system as a damped one-dimensional harmonic oscillator. Alcaraz et al. (2002) developed a scaled spherical model to assess the effect of the hydrodynamic drag on AFM cantilevers for microrheological measurements in liquid at low Reynolds numbers. Janovjak et al. (2005) used this model to measure the viscous drag on the unfolding forces of a multidomain protein in fast pulling experiments with pulling speeds in the range of 5-140 mm/sec. These authors showed that the unfolding forces could be underestimated by >20% due to viscous drag at a pulling speed of 30 mm/sec.
In contrast to the experiments discussed above, our measurements were carried out at relatively low pulling speeds of 0.05-2 mm/sec, and the unfolding force underestimation due to viscous drag on the cantilever was found not to be significant. In the experiments, the pulling motion is realized by moving the sample away from the stationary cantilever, and the cantilever does not experience a viscous drag when it is not bending. As shown in Figure 2 , after the tethered protein polymer becomes detached (or when no polymer is tethered), the cantilever signal remains constant although the sample surface continues to move away from the cantilever. The cantilever signal recorded on approaching the surface is also constant over this distance range, indicating the absence of a force on the cantilever. When the cantilever is bending, the drag force can be estimated from the Stokes law. The cantilever used in the experiments is triangular in shape, with a length of 180 mm and a width of 18 mm for each arm. When the cantilever is pulled, it bends in a nonlinear fashion (Sader 1995) with the tipbearing end moving to a maximum distance of ;3 nm (the cantilevers used in the experiments have spring constants ;80 pN/nm). The tip moves at a slower speed than that of the sample since the tip is linked to the sample through the flexible protein chain. From the data shown in Figure 2 , it can be estimated that, when the sample is pulled at 2 mm/ sec (the highest speed used), the maximum speed of the tip will be ;0.8 mm/sec, which occurs near the top of the peaks in a force curve. To estimate the viscous drag on the cantilever when the tip is pulled, we consider a circular disc (due to the lack of viscous drag equation for rectangular and more complicated shapes) of radius 18 mm at the end of the cantilever moving at a speed of 0.8 mm/sec, since the rest of the cantilever moves much less than the end. The viscous drag on the disc is F v ¼ 16hRv, where h is the viscosity of the solution, R is the radius of the disc, and v is the speed. Using the values cited above, F v can be estimated at 5.7 pN. This is the maximum viscous force at the highest dextran concentration (300 g/L) and fastest pulling speed (2 mm/sec), and it acts on the cantilever for only a brief period of time when the bending approaches the maximum value, i.e., near the top of the force peaks. Under other conditions, the viscous drag is much reduced. In addition, the shape of the peaks in the force curves resembles those reported by Janovjak et al. (2005) after correction for viscous drag, and the rising parts of the peaks can be fitted well by the WLC model (Fig. 2) , indicating that the viscous drag effect was not significant. If the viscous drag effect were taken into account, the curves in Figure 4A would shift up slightly at the high dextran concentrations.
Conclusion
In this work, a single-molecule method has been applied, for the first time, to the investigation of macromolecular crowding effects on the mechanical unfolding of protein molecules. This approach has the benefits of avoiding using denaturants, extreme pH, or high temperatures to induce folding/unfolding transitions. A simple model based on the scaled-particle theory was used to provide physical insights into the effects of macromolecular crowding on the unfolding kinetics. Our observation that the mechanical stability of ubiquitin is enhanced by macromolecular crowding suggests that proteins can withstand higher mechanical stress in vivo than that measured in dilute solutions. In addition to proteins with specific mechanical functions, all proteins experience mechanical stress one way or the other inside the cell; therefore, the reported results can help in understanding the mechanisms of the macromolecular crowding effects on the stability and function of proteins. Our findings may also help to improve the performance of engineered proteins intended for withstanding high mechanical stresses by tuning environmental conditions.
Materials and Methods
Protein samples
To facilitate the measurements using AFM, the ubiquitin molecules were made into polymers via protein engineering. The details of the polymer synthesis were reported previously (Chyan et al. 2004) . Briefly, the clone containing the ubiquitin (UBI) gene was first amplified with PCR, and the PCR product was purified and ligated into a vector. After verification, this construct was used to create dimeric, tetrameric, and octameric UBI genes via iterative cloning. The doubly digested octameric UBI gene was subcloned into a pET30a expression vector and transformed into Escherichia coli strain BL21(DE3). The polymerized ubiquitin molecules (octamers) were then isolated and purified. The octamer ubiquitin thus synthesized contains AMADIGS residues on the N terminus, eight repeats of ubiquitin with RS residues in between each repeat, and two cysteine residues at the C terminus. CD measurements showed that polymerization did not change the structure and stability of the ubiquitin molecules significantly (Chyan et al. 2004 ).
Crowding agent
Dextran molecules, with an average molecular weight of 40 kDa (purchased from Sigma-Aldrich Inc.), were used as the crowding agent. The hydrodynamic radii of the dextran molecules have an average value of 3.5 nm (Weiss et al. 2004 ). In the experiments, dextran was dissolved in PBS (phosphate buffered saline, containing 126 mM NaCl, 7.2 mM Na 2 HPO 4 , 3 mM NaH 2 PO 4 , pH 7.0) buffer to a desired concentration, and the solution was then injected into the AFM liquid chamber. Electric conductivity, pH, and dynamic light scattering of the buffer solutions containing various concentrations of dextran molecules were checked to ensure that the dextran powder did not contain significant amount of small molecules.
Circular dichroism studies
CD spectra were recorded on a Jasco J-715 CD spectrometer. CD spectra were collected using a cylindrical quartz cuvette with a 1-mm path length. The step resolution was 0.2 nm with 1.0 nm bandwidth at a scan speed of 50 nm/min. Each CD spectrum was averaged over 16 measurements and corrected for the appropriate buffer baseline. All spectra are presented as the molar CD absorption coefficient (De M ). Concentrations of ubiquitin were determined by UV absorption using the extinction coefficient at 276 nm, 1450 M À1 cm À1 (on the basis of ubiquitin monomer). Sample concentrations ranged from 4 to 20 mM. The contents of secondary structures were calculated using the software package CDPro.
Mechanical unfolding measurements
The mechanical unfolding experiments were performed using a modified commercial Nanoscope IIIa scanning probe microscope (Digital Instruments/Veeco). The cantilevers used in the experiments were triangular Si 3 N 4 cantilevers with a nominal spring constant of 50 pN/nm. The value of the spring constant of each cantilever was calibrated individually using the method of thermal energy equipartition (Hutter and Bechhofer 1993) . The polymerized ubiquitin molecules were dissolved in PBS buffer to a protein concentration of 50 mg/mL. The specimen for the mechanical unfolding experiments was prepared by depositing 20 mL of the protein solution onto a fresh gold surface and allowing the molecules to adsorb for 10 min. After washing off the unbound molecules with PBS, the sample was placed in the liquid chamber of the AFM. The experiments were carried out with both the sample and the tip immerged in the buffer. While protein molecules remained on the surface, dextran solutions of specified concentrations were injected into the liquid chamber as desired. To minimize errors caused by other factors, each sample was studied over the entire range of concentrations from 0 to 300 g/L.
Data analysis
The raw data was first screened for curves showing multiple unfolding events with the characteristic sawtooth pattern. To evaluate the structural changes upon the unfolding of a ubiquitin molecule in the polymer, the force versus extension relationship was fitted to the WLC model (Bustamante et al. 1994) :
where L is the contour length, x is the end-to-end distance of the chain, and p is the persistence length.
Monte Carlo simulations
Monte Carlo simulations were performed to determine the unfolding rate of the protein. In the simulations, force versus extension curves were generated by assuming the polymer to be a WLC chain, and the cantilever to be a linear spring. To determine if a folded protein molecule will unfold at a particular force, a probability is calculated according to the theory developed by Bell (1978) and elaborated by Evans and Ritchie (1999) for two-state unfolding:
where k u is the unfolding rate constant when an external force F is applied to the protein, k u0 is the unfolding rate constant in the absence of external force, Dt is the time interval over which the force F is acting on the protein, Dx u is the distance between the native state and the transition state along the pulling direction, and k B T is the thermal energy. At each force level, every folded ubiquitin monomer in the polymer is polled for unfolding by comparing the unfolding probability with a randomly generated number, before the chain is pulled further. In the simulations, 50 force curves were generated for each set of parameters on pulling octameric ubiquitin chains, thus 400 points were acquired for each data set. The values of k u0 and Dx u for the protein were obtained as adjustable parameters that best fitted the simulation results to the experimental data. The fitting was performed for the distributions of the unfolding forces, and for the dependence of the unfolding forces on the pulling speed.
